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ABSTRACT 
I r o n  and s t o n y  m e t e o r i t e s  a r e  e f f e c t i v e  c a t a l y s t s  for a 
F i sche r -Tropsch  t y p e  r e a c t i o n  between ca rbon  monoxide and 
hydrogen.  Even i n  hydrogen-r ich  m i x t u r e s  approach ing  cosmic 
compos i t ion ,  a l i p h a t i c  and a r o m a t i c  hydrocarbons  a r e  produced 
r a p i d l y  a t  t e m p e r a t u r e s  between 25°C and 5 8 O O C .  When these 
hydrocarbons  a r e  p a r t i a l l y  equ i l ib ra t ed  by s u s t a i n e d  r e h e a t i n g ,  
t h e y  match t h e  hydrocarbon d i s t r i b u t i o n  i n  carbonaceous  c h o n d r i t e s  
i n  a l l  i m p o r t a n t  r e s p e c t s .  
1 -  
. 
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* 
I n  a n  e a r l i e r  paper  ( l ) ,  w e  r e p o r t e d  t w o  s t r i k i n g  p r o p e r t i e s  
of t h e  t r a p p e d  v o l a t i l e s  i n  carbonaceous  c h o n d r i t e s :  methane was 
a t  l e a s t  1000 t i m e s  more abundant  t h a n  e t h a n e ,  and a r o m a t i c  
- .  ___ -_>_I-...-- 
hydrocarbons  predominated o v e r  a l i p h a t i c  ones .  The observed  
d i s t r i b u t i o n  g r o s s l y  resembled  a n  e q u i l i b r i u m  d i s t r i b u t i o n  i n  a 
c a r b o n - r i c h  C-H-0, m i x t u r e  ( 2 ) .  We t h e r e f o r e  proposed t h a t  t h e  
o r g a n i c  compounds i n  meteorites formed i n  t h e  s o l a r  nebu la  
u n d e r  n e a r - e q u i l i b r i u m  c o n d i t i o n s ,  d u r i n g  r a p i d  c o o l i n g  of a 
g a s  phase  d e p l e t e d  i n  hydrogen. We have now a t t e m p t e d  t o  tes t  
t h i s  h y p o t h e s i s  e x p e r i m e n t a l l y .  
- 
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For our expe r imen t s  w e  used m i x t u r e s  of  CO and H2. The 
choice o f  CO was obvious :  a t  t e m p e r a t u r e s  of 1000-2000°C and 
modera te  p r e s s u r e s ,  CO is t h e  dominant form of  ca rbon  i n  a cosmic 
g a s  (3). The compos i t ion  of  t h e  g a s  m i x t u r e  ranged  from an 
( a t o m i c )  C:H:O r a t i o  of 1: 1: 1, w e l l  w i t h i n  t h e  7 f a s p h a l t 7 f  r e g i o n  
o f  t h e  C-H-0 phase  d i ag ram ( 2 ) ,  t o  1:500:1,  close t o  t h e  cosmic 
v a l u e .  E lemen ta l  carbon is t h e  s t a b l e  e q u i l i b r i u m  p roduc t  i n  
t h e  a s p h a l t  r e g i o n ,  b u t  i f  its f o r m a t i o n  is k i n e t i c a l l y  i n h i b i t e d ,  
l a r g e  amounts of a r o m a t i c  hydrocarbons  c a n  form i n s t e a d  a s  
m e t a s t a b l e  p r o d u c t s  ( 2 ) .  Our e n t i r e  h y p o t h e s i s  h inged  on t h e  
a s s u m p t i o n  t h a t  t h e  f o r m a t i o n  of free ca rbon  would be i n h i b i t e d  
l o n g  enough t o  a l l o w  t h e  b u i l d u p  of a m e t a s t a b l e  d i s t r i b u t i o n  
r i c h  i n  a r o m a t i c s .  Our expe r imen t s  were t o  tes t  t h i s  assumpt ion .  
4 
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I n  order t o  keep t h e  sys tem s i m p l e ,  w e  l i m i t e d  o u r  first 
series of e x p e r i m e n t s  t o  C-H-0 m i x t u r e s ,  e x c l u d i n g  o the r  non- 
m e t a l l i c  c o n s t i t u e n t s  of a cosmic gas. However, it is known 
t h a t  s i l i c a t e  and m e t a l  p a r t i c l e s  condense  when a cosmic g a s  
cools from h i g h  t e m p e r a t u r e s  ( 4 ) .  Such p a r t i c l e s  might c a t a l y z e  
r e a c t i o n s  of CO and o ther  ca rbon  compounds. We therefore added 
t o  same of  o u r  g a s  m i x t u r e s  0.01-0.1 g of c o a r s e l y  ground 
meteorite powder, no rma l ly  i r o n  (Canyon D i a b l o )  bu t  i n  one 
case, s t o n e  (Bruderhe im) .  Before  u s e ,  t h e  meteorite powder 
was baked o u t  o v e r n i g h t  a t  600-900°C u n t i l  a l l  o r g a n i c s  had 
been removed. 
The g a s  m i x t u r e ,  u s u a l l y  a t  a t o t a l  p r e s s u r e  of 1-2 atm a t  
room t e m p e r a t u r e ,  was p l a c e d  i n  a 45 c m  x 1 c m  I .  D. q u a r t z  
tube sealed a t  one  end and j o i n e d  t o  a m e t a l  v a l v e  by a g raded  
s e a l .  The sealed end was i n s e r t e d  t o  a d e p t h  of 7 c m  i n  a 
t u b u l a r  f u r n a c e  which was hea ted  t o  t h e  d e s i r e d  t e m p e r a t u r e .  
The o the r  end remained a t  room t e m p e r a t u r e .  I n  t h i s  a r r angemen t ,  
v o l a t i l e  compounds c o u l d  d i s t i l l  away from t h e  r e a c t i o n  zone ,  
thus r e m a i n i n g  p r o t e c t e a  t o  some e x t e n t  f r o m  f u r t h e r  r e a c t i o n .  
The gas  phase  was examined p e r i o d i c a l l y  on a t i m e - o f - f l i g h t  
mass s p e c t r o m e t e r ,  a s  descr ibed  i n  (1). 
It s o o n  became a p p a r e n t  t h a t  meteorite powder had a s t r o n g  
c a t a l y t i c  e f fec t .  Without  meteorite, t h e  g a s  m i x t u r e  had t o  be 
h e a t e d  f o r  a l o n g  t i m e  t o  produce d e t e c t a b l e  amounts of o r g a n i c s .  
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With Canyon D i a b l o  powder, complex hydroca rbons  were produced 
r a p i d l y  and i n  g r e a t  v a r i e t y :  
'20H42 
a l k y l a r o m a t i c s  (F ig .  1 ) .  Not a trace o f  f r e e  ca rbon  was s e e n .  
a l l  n - p a r a f f i n s  f rom CH4 t o  
and beyond; methyl  a l k a n e s ;  c y c l o a l k a n e s ;  a r o m a t i c s ;  
E v i d e n t l y ,  t h e  CO and H2 had mere ly  r e a c t e d  a c c o r d i n g  t o  
t h e  f a m i l i a r  F i sche r -Tropsch  r e a c t i o n  which p roduces  hydroca rbons  
v i a  oxygenated  i n t e r m e d i a t e s :  
nCO + (n+0.5x)H2 3 CnHx + nH20 
I n  t h e  i n d u s t r i a l  F i sche r -Tropsch  s y n t h e s i s ,  Fe, C o ,  and N i  
a r e  u sed  a s  c a t a l y s t s .  I t  so happens t h a t  meteoritic i r o n  
c o n s i s t s  l a r g e l y  of these t h r e e  e l e m e n t s ,  and t h u s  is a n  e f f e c t i v e  
c a t a l y s t  f o r  t h i s  r e a c t i o n .  
Dur ing  t h e  r e a c t i o n ,  t h e  meteorite was p a r t l y  c o n v e r t e d  
t o  t h e  v o l a t i l e  c a r b o n y l s  Fe(C0)5 and Ni(C0)4.  
g r a d u a l l y  o x i d i z e d  t o  Fe304 impregnated  w i t h  r e l a t i v e l y  non- 
v o l a t i l e  hydroca rbons .  
T r o p s c h  c a t a l y s t  (6 ) .  Depending on t h e  d e g r e e  of o x i d a t i o n ,  
these r e a c t i o n s  consumed some f r a c t i o n  of t h e  oxygen of t h e  
s y s t e m ,  g e n e r a l l y  no  more t h a n  10-20%. 
The r ema inde r  was 
Fe30q i tself  is a n  e f f e c t i v e  F i s c h e r -  
Qui te  o b v i o u s l y ,  t h e  r e a c t i o n  d i d  n o t  proceed  t o  e q u i l i b r i u m  
a t  these l o w  t e m p e r a t u r e s .  For a m i x t u r e  l y i n g  i n  t h e  f ' a s p h a l t f f  
r e g i o n  of t h e  C-H-0 diagram,  on ly  t r a c e  amounts of  a l i p h a t i c s  
-6- 
I 
L h e a v i e r  t h a n  methane were expec ted  under  e q u i l i b r i u m  c o n d i t i o n s .  
I n s t e a d ,  a l i p h a t i c s  o f t e n  predominated o v e r  a r o m a t i c s  i n  o u r  
r e a c t i o n  m i x t u r e s .  Apparent ly  t h e  p roduc t  d i s t r i b u t i o n  was 
governed by s te r ic  and k i n e t i c  f a c t o r s ,  r a t h e r  t h a n  by t h e r -  
modynamic o n e s ,  T h i s  was shown most s t r i k i n g l y  i n  a 69-hr 
expe r imen t  a t  2OO0C, where t h e  C:H:O r a t i o n  was 1:500:1, f a r  
o u t s i d e  t h e  a s p h a l t  r e g i o n  but  close t o  t h e  cosmic v a l u e .  
Under e q u i l i b r i u m  c o n d i t i o n s ,  methane and C 0 2  s h o u l d  have been 
t h e  p r i n c i p a l  p r o d u c t s ,  w i t h  mere traces of h ighe r  a l i p h a t i c s .  
Aromat ics  s h o u l d  have formed a t  l e v e l s  of <10 -20 moles p e r  mole 
of t o t a l  ca rbon  (2). Y e t  t h i s  exper iment  a g a i n  gave s m a l l  
amounts of benzene and t o l u e n e ,  w i t h  larger amounts of v a r i o u s  
a l i p h a t i c  p r o d u c t s ,  i n c l u d i n g  keto compounds from C3 t o  Cg. 
I n  a l l  o u r  e x p e r i m e n t s ,  t h e  p roduc t  d i s t r i b u t i o n  was 
s t r o n g l y  dependent  on t i m e  and t e m p e r a t u r e .  Higher t e m p e r a t u r e s  
and l o n g e r  t i m e s  r e s u l t e d  i n  a closer approach  t o  equi l ibr ium.  
I n  o n e  exper iment  a 1:l m i x t u r e  of CO and H2 a t  a t o t a l  p r e s s u r e  
of 2 a tm was h e a t e d  s t e p w i s e  from room t e m p e r a t u r e  t o  580°C 
i n  ihe presence of Caiiyoii Eiablo p c ~ d e r .  The f ~ l l n n r l n g  
c h a n g e s  were obse rved .  
1. A f t e r  t w o  h o u r s  a t  room t e m p e r a t u r e  methane, e t h a n e ,  
d i m e t h y l  ether,  and a t race of t o l u e n e  were obse rved .  N o  
benzene  was s e e n .  
2 .  After 30 minu tes  a t  100°C, a l i p h a t i c  hydrocarbons  
C1-C5 were s e e n  a l o n g  w i t h  a t r a c e  of benzene.  Toluene 
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1 
seemed s l i g h t l y  more abundant .  A l l  these p r o d u c t s  were somewhat 
enhanced a f t e r  an  a d d i t i o n a l  2 hour s  a t  1 1 5 ° C .  C6 appeared  a l s o .  
3 .  After  a n o t h e r  1.8 hours  a t  115°C prominent  peaks  
which may have been due t o  1 , 4  d i o x a n e  appeared  a t  masses  
88 ard 58. Toluene  was more abundant bu t  benzene was p r e s e n t  i n  
t r a c e s  o n l y .  Some x y l e n e  appeared t o  be p r e s e n t ,  Methane 
and d i m e t h y l  ether were much more abundant .  
4 .  After 1 6  hour s  a t  230°C t h e  complex i ty  of t h e  s p e c t r u m  
had i n c r e a s e d  markedly.  Oxygenated a l i p h a t i c  compounds t o  mass 
128 seemed t o  be p r e s e n t .  Toluene,  xy lene , and  benzene were more 
abundan t ,  bu t  d i m e t h y l  e the r  and d ioxane  had d i m i n i s h e d .  
5. After  an  hour a t  350°C e t h y l e n e  and bu tene  were 
T 
obse rved .  Dimethyl  ether had f u r t h e r  d e c r e a s e d .  
6 .  After  t w o  hour s  a t  460°C a r o m a t i c  compounds were 
n o t i c e a b l y  more abundant .  Oxygenated a l i p h a t i c  compounds 
t o  mass 170 were observed .  
7. After 68  h o u r s  a t  580°C m o s t  of t h e  CO and H2 had 
d i s a p p e a r e d .  The re  remained l a r g e  amounts of methane, w a t e r ,  
c a r b o n  d iox ide ,  and benzene,  w i t h  lesser amounts of o t h e r  
a r o m a t i c  compounds i n c l u d i n g  t o l u e n e ,  x y l e n e ,  i n d e n e ,  n a p h t h a l e n e ,  
me thy l  and d i m e t h y l  naph tha lene ,  and b ipheny l .  Except  f o r  
methane t h e  a l i p h a t i c  compounds had d i s a p p e a r e d .  The r a t i o  of 
benzene  t o  t o l u e n e  was much l a r g e r  t h a n  a t  lower t e m p e r a t u r e s .  
A p p a r e n t l y  t h e  m i x t u r e  now was close t o  e q u i l i b r i u m .  B o t h  t h e  
h i g h  methane/e thane  r a t i o  and t h e  predominance o f  aromatics a r e  
. -8- 
c 
c h a r a c t e r i s t i c  of e q u i l i b r i u m  i n  t h e  " a s p h a l t  r e g i o n "  of t h e  
C-H-0 d iagram ( 2 ) .  Again, no t  a t race of free ca rbon  was 
s e e n .  
A t  s t i l l  h i g h e r  t e m p e r a t u r e s ,  e q u i l i b r i u m  was approached 
4 r a p i d l y .  Once methane had formed, a d i s t r i b u t i o n  r i c h  i n  
p o l y n u c l e a r  a r o m a t i c s  was o b t a i n e d ,  r e g a r d l e s s  of whe the r  
c a t a l y s t  was p r e s e n t  or n o t .  (That a r o m a t i c s  form i n  t h e  
p y r o l y s i s  of methane had been known s i n c e  t h e  1 9 t h  c e n t u r y  [ 7 ] ) .  
R e s u l t s  of t y p i c a l  900°C expe r imen t s  a r e  shown i n  F i g  2.  
I n  these e x p e r i m e n t s ,  t h e  l i g h t e r  a r o m a t i c s  were i d e n t i f i e d  
by mass s p e c t r o m e t r y ,  a s  u s u a l .  Owing t o  t h e i r  l o w  v o l a t i l i t y ,  
compounds of 5 or more a r o m a t i c  r i n g s  were no t  s o u g h t  i n  t h e  
g a s  phase ,  bu t  were recove red  i n  s o l v e n t  r i n s i n g s  of t h e  
r e a c t i o n  t u b e .  They were s e p a r a t e d  by chromatography on a 92mm x 
7 m m  a lumina  column, and i d e n t i f i e d  by W s p e c t r o p h o t o m e t r y .  I n  
some c a s e s  a d d i t i o n a l  s e p a r a t i o n s  and i d e n t i f i c a t i o n s  were 
c a r r i e d  o u t  v i a  p i c r a t e s .  I n  t h e  900" exper iment  i l l u s t r a t e d  
i n  Fig.  2 ,  -15 m g  of 4-7 r i n g  a r o m a t i c s  was r e c o v e r e d ,  c o r r e s p o n d i n g  
t o  a b o u t  35% of t h e  t o t a l  carbon i n  t h e  sys tem.  This was t h e  
o n l y  expe r imen t  i n  which  some free c a r b o n  formed. 
A t  l o n g e r  t i m e s ,  a r o m a t i c - r i c h  d i s t r i b u t i o n s  were o b t a i n e d  
even  a t  t e m p e r a t u r e s  much below 900°C. A mixture of CO ( 1  atm) 
and H2 (2  atm) h e a t e d  w i t h  Canyon D i a b l o  t o  300°C f o r  112 h r s  
gave  CH4, C02,  H20,  and large amounts of a r o m a t i c s  i n c l u d i n g  
- .  
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, many p o l y n u c l e a r  compounds, w i t h  o n l y  t r a c e s  of a l i p h a t i c s  
h e a v i e r  t h a n  methane. A p a r a l l e l  expe r imen t  a t  25OoC gave  
a n e a r l y  complementary d i s t r i b u t i o n :  a l i p h a t i c s  t o  mass 400 
and beyond, w i t h  o n l y  minor amounts of a r o m a t i c s .  N o  f r e e  
c a r b o n  was s e e n  i n  e i t he r  expe r imen t .  
, I n  g e n e r a l ,  t h e  p r o p o r t i o n s  of a l i p h a t i c s ,  a r o m a t i c s ,  
and a l i c y c l i c s  c o u l d  be v a r i e d  w i t h i n  wide l i m i t s  by p r o p e r  
choice of c o m p o s i t i o n ,  t e m p e r a t u r e ,  p r e s s u r e ,  and t i m e .  A 
f u r t h e r  d e g r e e  of f reedom was p rov ided  by t h e  c h o i c e  of  c a t a l y s t .  
C o n v e n t i o n a l  F i sche r -Tropsch  c a t a l y s t s  (Fe,  C o )  g i v e  o n l y  
t r a c e s  of a r o m a t i c s ,  bu t  others ( e .g .  A 1 2 0 3 ,  ZnS, C r 2 0 3 ,  e t c . )  
y i e l d  a r o m a t i c s  p r e f e r e n t i a l l y  ( 8 ) .  Some d i f f e r e n c e s  i n  p r o d u c t  
d i s t r i b u t i o n  were a l s o  observed  i n  o u r  e x p e r i m e n t s  when s t o n y  
meteorite was s u b s t i t u t e d  fo r  Canyon D i a b l o  i r o n .  
n 
1 
On s u s t a i n e d  r e h e a t i n g ,  a l l  m i x t u r e s  l y i n g  above t h e  
a s p h a l t  t h r e s h o l d  of  t h e  C-H-0 d i ag ram t ended  t o  conve rge  
t o  t h e  same e q u i l i b r i u m  s t a t e .  Methane and a r o m a t i c s  were 
enhanced  a t  t h e  expense  of a l i p h a t i c s ,  presumably by d i s p r o -  
p o r t i o n a t i o n  r e a c t i o n s  of t h e  t y p e :  
. 
4 
S i m i l a r  r e a c t i o n s  a p p a r e n t l y  t a k e  p l a c e  s p o n t a n e o u s l y  i n  
n a t u r e ,  when ( a l i p h a t i c )  p l a n t  m a t e r i a l s  a r e  c o n v e r t e d  t o  
( a r o m a t i c )  coal.  Methane, t h e  e x p e c t e d  byproduct  of t h i s  
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r e a c t i o n ,  is o f t e n  a s s o c i a t e d  w i t h  c o a l  d e p o s i t s .  
Now w e  can  a t t e m p t  t o  r e i n t e r p r e t  t h e  m e t e o r i t e  d a t a  i n  
t h e  l i g h t  of o u r  e x p e r i m e n t a l  r e s u l t s .  The meteoritic 
hydrocarbon d i s t r i b u t i o n  has t h e  f o l l o w i n g  main c h a r a c t e r i s t i c s :  
1. The methane/e thane  r a t i o  is g r e a t e r  t h a n  1000. 
The n e x t  three a l k a n e s ,  from C3 t o  C5 a r e  u n d e t e c t a b l e  (1). 
2.  
a lmos t  e n t i r e l y  by a r o m a t i c s ,  n o t  a l i p h a t i c s  (1). 
Hydrocarbons from C6 t o  a t  l ea s t  Cl0 a r e  r e p r e s e n t e d  
3 .  A t  h ighe r  c a r b o n  numbers, a r o m a t i c s  s t i l l  predominate .  
If t h e  i n s o l u b l e  aromatic polymer is i n c l u d e d ,  a r o m a t i c s  
compr i se  abou t  1000-5000 ppm, compared t o  o n l y  10-100 ppm 
of a l i p h a t i c s  (9 ,  l o ) .  
4 .  Among h e a v i e r  a l i p h a t i c s ,  n -a lkanes  a r e  prominent ,  
c o m p r i s i n g  p e r h a p s  one - t en th  of t h e  t o t a l  p a r a f f i n  
f r a c t i o n .  C o n t r a r y  t o  e a r l i e r  r e p o r t s  (ll), t h e y  do  
n o t  seem t o  show a n  odd-carbon p r e f e r e n c e  (10) .  
5. P o l y n u c l e a r  a r o m a t i c s  o f  up t o  6 r i n g s  are p r e s e n t  (12 ) .  
6 .  I s o p r e n o i d  a l k a n e s  a r e  p r e s e n t  i n  bo th  ca rbonaceous  
(10) and non-carbonaceous c h o n d r i t e s  (13). 
7 .  Free c a r b o n  is a b s e n t  (14 ) .  
The first two o b s e r v a t i o n s  are based on t r a c e s  of v o l a t i l e s  
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t r a p p e d  a t  h i g h l y  r e t e n t i v e  s i tes  i n s i d e  m i n e r a l  g r a i n s  (1). 
They a l o n e  ref lect  t h e  o r i g i n a l  d i s t r i b u t i o n .  The l a s t  f i v e  
p e r t a i n  t o  r e l a t i v e l y  n o n v o l a t i l e  o r g a n i c s  which,  hav ing  
been s i t u a t e d  a t  less r e t e n t i v e ,  i n t e r s t i t i a l  and s u r f a c e  
s i t e s ,  a p p a r e n t l y  l o s t  t h e i r  complement of v o l a t i l e s .  
O b s e r v a t i o n s  1, 2 ,  3, 5, and 7 l e d  u s  t o  p ropose  t h a t  t h e  
meteorite o r g a n i c s  formed under  n e a r - e q u i l i b r i u m  c o n d i t i o n s  (1). 
However, t h e  p r e s e n c e  of even  small  amounts o f  a l k a n e s  was a n  
embarrassment  t o  t h e  e q u i l i b r i u m  h y p o t h e s i s .  Under e q u i l i b r i u m  
c o n d i t i o n s ,  these compounds shou ld  be some 10 -20 t i m e s  less 
abundan t  t h a n  t h e  a r o m a t i c s  (2), bu t  t h e i r  a c t u a l  abundance 
is closer  t o  10 . To make matters worse, s t r a i g h t - c h a i n  
isomers p redomina te  among t h e  a l k a n e s ,  so  t h a t  a h i g h l y  s e l e c t i v e  
f o r m a t i o n  mechanism is c a l l e d  for. I n  o u r  e a r l i e r  pape r  w e  
had s u g g e s t e d  s e v e r a l  s u c h  mechanisms, i n c l u d i n g  " m e t a s t a b l e  
f o r m a t i o n  i n  a p a r t i a l l y  e q u i l i b r a t e d  mixture1 '  ( l ) ,  w h i l e  
O r 6  (15) had e x p l i c i t l y  proposed t h e  F i sche r -Tropsch  r e a c t i o n .  
The p r e s e n t  work indeed  s u p p o r t s  these s u g g e s t i o n s .  
-2 
Our e x p e r i m e n t s  show t h a t  a p a r t i a l l y  e q u i l i b r a t e d  Fischer- 
Tropsch  d i s t r i b u t i o n  matches t h e  meteorite d i s t r i b u t i o n  i n  a l l '  
i ts  p r i n c i p a l  f e a t u r e s .  Two s t e p s  a r e  r e q u i r e d  t o  produce  
s u c h  a d i s t r i b u t i o n :  a pr imary F ischer -Tropsch  r e a c t i o n  
w i t h  meteori t ic  c a t a l y s t  wh ich  y i e l d s  n -a lkanes  and l i g h t  
aromatics ( o b s e r v a t i o n s  4 and 2 ) ;  and a s e c o n d a r y ,  p a r t i a l  
-12- 
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e q u i l i b r a t i o n  t h a t  depletes l i g h t e r  a l k a n e s ,  enhances  
a r o m a t i c s  and methane, and produces  p o l y n u c l e a r  a r o m a t i c s  b u t  
no free c a r b o n  ( o b s e r v a t i o n s  1, 3, 5, 7 ) .  T h i s  l e a v e s  on ly  
t h e  i s o p r e n o i d  hydrocarbons  (obs.  6 )  t o  be accounted  f o r ,  
whose p r e s e n c e  i n  meteorites had n o t  been e s t a b l i s h e d  when o u r  
p r e v i o u s  pape r  was w r i t t e n .  T h e s e  compounds have n o t  been 
p r e v i o u s l y  r e p o r t e d  from Fischer -Tropsch  s y n t h e s e s .  However, 
w e  detected them i n  s e v e r a l  expe r imen t s  by a combina t ion  of  
g a s  chromatography and mass s p e c t r o m e t r y .  T h e i r  p r e s e n c e  is 
n o t  s u r p r i s i n g  s i n c e  t h e  a l k a d i e n e s  formed i n  o u r  e x p e r i m e n t s  (Fig.  1) 
4 a r e  known t o  po lymer i ze  and i s o m e r i z e  r e a d i l y  t o  i s o p r e n o i d  
hydrocarbons  (16).  The i d e n t i f i c a t i o n  of i s o p r e n o i d  hydro- 
c a r b o n s  w i l l  be descr ibed i n  d e t a i l  i n  a n o t h e r  pape r  of t h i s  
series. 
As f a r  a s  c a n  be t o l d  a t  p r e s e n t ,  t h e  F ischer -Tropsch  
r e a c t i o n  seems c a p a b l e  of  a c c o u n t i n g  n o t  o n l y  for  t h e  gross 
f e a t u r e s  of t h e  m e t e o r i t i c  d i s t r i b u t i o n ,  bu t  a l s o  for i ts  
f i n e r  d e t a i l s .  Lovelock (17) has  p o i n t e d  o u t  t h a t  hydrocarbons  
from both t h e  Murray meteorite and t h e  F ischer -Tropsch  r e a c t i o n  
show a "randomfv d i s t r i b u t i o n ,  i n  c o n t r a s t  t o  t h e  vforderedvl 
d i s t r i b u t i o n s  of b i o g e n i c  hydrocarbons .  
T h i s  two-step model a l s o  e l i m i n a t e s  t h e  r e s t r i c t i o n  t h a t  
t h e  gas phase from which  t h e  m e t e o r i t e  o r g a n i c s  formed be 
d e p l e t e d  i n  hydrogen. As our  expe r imen t s  show, t h e  first 
. 
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(Fischer -Tropsch)  s t e p  proceeds  r e a d i l y  a t  H/C r a t i o s  a s  h igh  
a s  500, close t o  t h e  cosmic v a l u e .  Only i n  t h e  second ( e q u i l i -  
b r a t i o n )  s t e p  is i t  n e c e s s a r y  t h a t  t h e  compos i t ion  l i e  i n  t h e  
a s p h a l t  r e g i o n  (H/C < 4 ) .  But t h e  o r g a n i c s  made i n  t h e  pr imary  
s t e p  have H/C 52  and O/C <1.  T h i s  compos i t ion  a u t o m a t i c a l l y  
p l a c e s  them i n  t h e  a s p h a l t  r e g i o n ,  once t h e y  condense  and t h u s  
become c h e m i c a l l y  or p h y s i c a l l y  i so la ted  from t h e  hydrogen- 
r i c h  g a s  phase .  
The t i m e  and t e m p e r a t u r e  c o n d i t i o n s  f o r  t h e  pr imary  
s t a g e  of t h e  s y n t h e s i s  can now be rough ly  c i r c u m s c r i b e d .  If 
c o n t a c t  w i t h  t h e  c a t a l y s t  is s u f f i c i e n t l y  i n t i m a t e ,  a n  a p p r e c i a b l e  
p a r t  of t h e  CO can  be conve r t ed  t o  o r g a n i c s  i n  times of less 
t h a n  1 second a t  170-400°C ( 6 ,  8 ) .  Y e t  t h e  r e a c t i o n  t i m e  ( p r i o r  
t o  t h e  loss  of H2) canno t  have been  v e r y  long ,  otherwise 
h e a v i e r  o r g a n i c s  would have been c o n v e r t e d  t o  CH by r e a c t i o n  
w i t h  excess H2. Our expe r imen t s  i n d i c a t e  t h a t  r e a c t i o n  t i m e s  
a s  l o n g  a s  a few days  a t  20O-25O0C a r e  s t i l l  p e r m i s s i b l e .  
\ 
4 
I n  t h e  l i g h t  of o u r  expe r imen t s ,  a s i m p l e r  p i c t u r e  c a n  
now b e  p r e s e n t e d  f o r  t h e  fo rma t ion  of o r g a n i c  compounds i n  
meteorites. Dur ing  t h e  fo rma t ion  of t h e  s o l a r  sys t em,  l o c a l  
r e g i o n s  of t h e  s o l a r  nebu la  were h e a t e d  t o  t e m p e r a t u r e s  of 
1000-2000°K. The h e a t i n g  may have been caused  by f l a r e s  s u c h  
a s  t h o s e  obse rved  i n  T T a u r i  s t a r s ,  or by some o t h e r  c a t a s t r o p h i c  
p r o c e s s .  The g a s  was of cosmic compos i t ion ,  w i t h  ca rbon  and 
- .  
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hydrogen p r e s e n t  main ly  a s  CO and H2. 
<400"K on a t i m e  scale  of  seconds  t o  months. 
c o o l i n g  s t a g e ,  m e t a l  and s i l i c a t e  p a r t i c l e s  condensed,  and began 
t o  c a t a l y z e  t h e  r e a c t i o n  between CO and H2. The  pr imary  p roduc t  
d i s t r i b u t i o n  c o n t a i n e d  a r o m a t i c s  a s  w e l l  a s  t h e  e n t i r e  n-a lkane  
series. Smal l  amounts of  noble  g a s e s  and other  v o l a t i l e s  were 
t r a p p e d  i n  t h e  i n t e r i o r  of m i n e r a l  g r a i n s  growing from t h e  
s u p e r s a t u r a t e d  g a s  phase .  L e s s - v o l a t i l e  o r g a n i c s  condensed 
on t h e  s u r f a c e s  of m i n e r a l  g r a i n s ,  and became i s o l a t e d  from 
t h e  noncondensable  g a s e s  ( c h i e f l y  H2) which were s u b s e q u e n t l y  
l o s t .  The condensed o r g a n i c s  had a n  H/C r a t i o  less t h a n  2 :1 ,  
and t h u s  l a y  w e l l  w i t h i n  t h e  a s p h a l t  r e g i o n  of t h e  C-H-0 phase  
d iagram.  Subsequent  s l i g h t  h e a t i n g  brought  t h e  m i x t u r e  close 
The g a s  m i x t u r e  cooled t o  
During t h e  
t o  e q u i l i b r i u m ,  enhancing- ;  methane and a r o m a t i c s  a t  t h e  expense  
of a l k a n e s .  
A p o i n t  i n  f a v o r  of t h e  proposed scheme for  t h e  f o r m a t i o n  
of o r g a n i c s  is its e x a c t  cor respondence  w i t h  c u r r e n t  models for 
t h e  f o r m a t i o n  of t h e  i n o r g a n i c  c o n s t i t u e n t s  of m e t e o r i t e s  ( 4 ) .  
P r e c i s e l y  t h e  same sequence  of e v e n t s  is c a l l e d  for :  l o c a l  
h e a t i n g  e v e n t s  i n  t h e  s o l a r  nebu la ;  r a p i d  c o o l i n g ;  metamorphic 
r e h e a t i n g .  And t h e s e  c o n d i t i o n s  i n  t u r n  a r e  provided  by many 
modern theories  on t h e  o r i g i n  of t h e  s o l a r  s y s t e m  (18) .  
The re  is r e a s o n  t o  b e l i e v e  t h a t  t h e  f o r m a t i o n  of hydro- 
c a r b o n 3  by t h e  Fischer -Tropsch  r e a c t i o n  is a ra ther  common 
-15- 
p r o c e s s  i n  t h e  u n i v e r s e .  I t  w i l l  happen whenever CO, H2, 
and meteoritic dus t  cool on a rap id  t i m e  s c a l e .  These 
c o n d i t i o n s  must have been s a t i s f i e d  many t i m e s  dur ing  t h e  h i s t o r y  
of t h e  s o l a r  s y s t e m  ( 1 9 ) .  
. -16'- 
I 
BIBLIOGRAPHY 
1. M. H. S t u d i e r ,  R .  Hayatsu,  and E.  Anders ,  S c i e n c e  149 ,  
1455, (1965).  
2 .  M. 0. Dayhoff ,  E .  R .  L i p p i n c o t t ,  R.  V. Eck, c S c i e n c e  146 ,  
1461 (1964) .  
3. H. C.  Lord,  111, I c a r u s  4 ,  279 (1965) .  Arnold E .  B a i n b r i d g e  
h a s  k i n d l y  p rov ided  u s  w i t h  d a t a  f o r  an  even  wide r  r a n g e  of 
t e m p e r a t u r e s  and p r e s s u r e s .  
4 .  J.  A .  Wood, I c a r u s  2,  152 (1963) .  
5. J .  H. Beynon, Mass Spec t romet ry  and its A p p l i c a t i o n s  t o  
9 
t Organ ic  Chemis t ry  ( E l s e v i e r ,  Amsterdam, 1960) ; F. W. 
McLaffer ty ,  Mass Spec t rometry  of Organ ic  I o n s  (Academic 
Press, New York, 1963) .  
6.  Rober t  B. Anderson, i n  C a t a l y s i s ,  I V .  Hydrocarbon S y n t h e s i s ,  
Hydrogenat ion ,  and C y c l i z a t i o n ,  P.  H. E m m e t t ,  Ed.,  (Reinhold,  
N e w  York, 1956) .  
7. M.P.E. B e r t h e l o t ,  B u l l .  SOC. Chim. 9, 458 (1868) and 1 0 ,  
337 (1868); F- Fischer and H. Tropsch ,  Brenns to f fchemie  9 ,  
309, (1928) .  
-17- 
BIBLIOGRAPHY CONT. 
8. Herman S. S e e l i g ,  and Herman I .  Weck, U.  S. P a t e n t  N o .  
2 ,727 ,055 ,  (Dec. 13, 1955) ;  Herman I .  Weck, and Herman 
S.  S e e l i g ,  U. S .  P a t e n t ,  No. 2 ,678 ,961 ,  (Oct .  3 0 ,  1 9 5 6 ) ;  
Herman S.  S e e l i g ,  and Herman I .  Weck, U . S .  P a t e n t ,  
N o .  2 , 8 1 5 , 3 5 7 ,  (Dec. 3 ,  1957) .  
9 .  M. H. B r i g g s  and G .  Mamikunian, Space  Science Reviews 1, 
647, (1963) .  
10 .  J .  01-6, D. W .  Nooner, A .  Z l a t k i s ,  and S.  A .  Wikstrom, 
3 P a r a f f i n i c  Hydrocarbons i n  t h e  O r g u e i l ,  Murray, Mokoia, and 
o t h e r  M e t e o r i t e s ,  P r e p r i n t ,  October  (1965) .  
I 
11. B. Nagy, W .  G.  Meinsche in ,  D. J. Hennessy, Annals of t h e  
N e w  York Acad. of  S c i e n c e s , 9 3 ,  25  (19611, and 108 ,  553 (1963) .  
12 .  W.  G. Meinschein,  Space S c i e n c e  Reviews 2 ,  653,  (1963) ;  G. 
P .  Vdovykin, Geokhimiya 4 ,  299 (1964) .  
13. W .  G. Meinschein,  S c i e n c e  150-, 379 (1965) .  
14.  A .  P. Vinogradov,  G. P .  Vdovykin, Geokhimiya, 843 ,  (1964) .  
15. J. O r 6 ,  O r i g i n s  o f  P r e b i o l o g i c a l  Systems and of T h e i r  
Molecular  M a t r i c e s ,  (Academic P r e s s ,  N e w  York, 19651, 
pp.  137-171. 
. 16.  R.  B. King e t  a l ,  J. Ino rg .  Nucl.  Chem, 16 ,  233, (1961) ;  
H. Z e i s s ,  Ed . ,  Organometa l l i c  Chemis t ry ,  (Reinhold ,  New 
York, 19601, p. 468. 
. 
6 
-18- 
BIBLIOGRAPHY CONT. 
G. Eglof  f ,  React  i o n s  of Pure Hydrocarbons,  (Reinhold ,  N e w  
York, 1 9 3 7 ) ;  S. Coffey ,  Rodd's Chemistry of Carbon Compounds 
V o l .  I A ,  ( E l s v i e r ,  Amsterdam 1964) .  
I 
17. J. E .  Lovelock,  L i f e  Detec t ion  by Gas Chromatography, 
P r e p r i n t ,  November (1965) .  
I 18. Rober t  J a s t r o w  and A. G. W.  Cameron, Ed. ,  O r i g i n  of t h e  
S o l a r  System, (Academic P r e s s ,  N e w  York 1963) .  
19. D e t a i l e d  e x p e r i m e n t a l  d a t a  on which t h i s  paper  is based 
w i l l  be  r e p o r t e d  e l s e w h e r e .  A p r e l i m i n a r y  accoun t  of t h i s  
work was p r e s e n t e d  a t  t h e  Autumn Meeting of  t h e  N a t i o n a l  
Acad. of S c i e n c e s ,  S e a t t l e ,  Washington, O c t .  12 ,  1965. 
W e  t h a n k  A l b e r t a  Mar t in ,  Leon P. Moore, and Atsuko Oda 
for  t e c h n i c a l  a s s i s t a n c e .  T h i s  work was s u p p o r t e d  i n  p a r t  
by t h e  U.S. Atomic Energy Comm. and by t h e  N a t l .  Aeronaut .  
and Space  Adm. Grant  NsG-366. 
FIGURE CAPTIONS 
Q 
I 
P' 
-\ 
Fig .  1. Fischer -Tropsch  R e a c t i o n  w i t h  M e t e o r i t e  C a t a l y s t .  
A f t e r  removal of u n r e a c t e d  CO a t  -190°C, t h e  r e a c t i o n  
mix tu re  was b r i e f l y  h e a t e d  t o  200°C t o  decompose 
m e t a l  c a r b o n y l s .  R e a c t i o n  p r o d u c t s  were t h e n  re- 
condensed a t  -190°C i n t o  t h e  bot tom of a l-meter 
c a p i l l a r y  t u b e ,  and were f r a c t i o n a l l y  d i s t i l l e d .  
P e r i o d i c a l l y ,  t h e  d i s t i l l i n g  s p e c i e s  were a d m i t t e d  
t o  t h e  mass s p e c t r o m e t e r .  I d e n t i f i c a t i o n s  were 
based on p u b l i s h e d  f r a g m e n t a t i o n  p a t t e r n s  (5) .  
F i g .  2 .  P o l y n u c l e a r  Aromatic Hydrocarbons Produced a t  900°C 
Without C a t a l y s t .  Many o f  t h e s e  compounds have a l s o  
been d e t e c t e d  i n  meteorites. Anthracene and phenan th rene  
cou ld  n o t  be d i s t i n g u i s h e d  mass s p e c t r o m e t r i c a l l y .  
Compounds o f  4 or more r i n g s  were s e p a r a t e d  by a lumina  
chromatography and i d e n t i f i e d  by W s p e c t r o p h o t o m e t r y .  
Hydrocarbons from Reaction of CO and H, ( I : I )  
( T = 300°C , = 19 hrs. Iron Meteorite Catalyst) 
n -alkanes 
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Hydrocarbons from Pyrolysis of CH4 or 
CH4 - CO - CO;! mixtures at 900°C 
(2-39 hours) 
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